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An optical network of superconducting quantum bits (qubits) is an appealing platform for quan-
tum communication and distributed quantum computing, but developing a quantum-compatible
link between the microwave and optical domains remains an outstanding challenge. Operating
at T < 100 mK temperatures, as required for quantum electrical circuits, we demonstrate a
mechanically-mediated microwave-optical converter with 47% conversion efficiency, and use a clas-
sical feedforward protocol to reduce added noise to 38 photons. The feedforward protocol harnesses
our discovery that noise emitted from the two converter output ports is strongly correlated because
both outputs record thermal motion of the same mechanical mode. We also discuss a quantum
feedforward protocol that, given high system efficiencies, would allow quantum information to be
transferred even when thermal phonons enter the mechanical element faster than the electro-optic
conversion rate.
A quantum network entangling spatially separated
quantum nodes would permit secure communication and
distributed quantum computing [1–4]. Propagating op-
tical fields are the natural choice for quantum links in
such a network, as they enable entanglement distribu-
tion at room temperature and over kilometer-scale dis-
tances. The fast-paced development of superconducting
quantum processors [5, 6] suggests that the most pow-
erful nodes will use microwave-frequency excitations in
ultralow-temperature environments (T < 100 mK), im-
plying that a quantum state preserving electro-optic con-
verter is a crucial element needed for a future quantum
internet. Prospective conversion technologies under in-
vestigation are ultracold atoms [7, 8], optically active
spins in solids [9–12], magnons [13], electro-optic ma-
terials [14–16], and mechanical resonators [17, 19, 43].
To date there has been no successful demonstration of
an electro-optic converter capable of quantum operation.
Recent realizations have demonstrated improved capac-
ity for classical signal recovery, albeit at elevated operat-
ing temperatures[17, 19–21, 43].
Realizing a quantum electro-optic converter is a chal-
lenging task because it entails bringing together su-
perconducting quantum circuits and laser light in an
ultralow-temperature environment. The potential for
quantum operation can be delineated via two metrics:
the bidirectional efficiency between the microwave and
optical ports, and the added noise of the converter Nadd
[22–24, 43]. In a mechanical converter, low added noise
requires high electromechanical and optomechanical co-
operativities [23, 25], which have yet to be achieved to-
gether in a single device. Alternatives to high cooperativ-
ity have been explored in other optomechanical systems;
in particular, feedback damping has been experimentally
shown to ease cooperativity requirements in individual
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platforms [26–32]. But quantum electro-optic conversion
studies have to date focused on reaching the threshold
Nadd < 1, at which point arbitrarily low efficiency can
be tolerated using quantum repeater concepts that her-
ald the creation of entanglement probabilistically [33].
In this work, we explore electro-optic conversion in
an alternative feedforward framework where quantum
tasks could be performed even if thermal-mechanical
noise yields Nadd > 1, provided threshold efficiencies
are reached. We demonstrate an unprecedented conver-
sion efficiency of 47 ± 1% in a micromechanical device
operated at T < 100 mK, and implement a feedfor-
ward protocol that exploits noise correlations between
the two converter output ports to reduce added noise to
Nadd = 38 photons. These figures of merit represent sig-
nificant technical progress relative to the 8% efficiency
and 1500 photons of added noise achieved in a prototype
system operated at 4 K [43]. Furthermore, while we focus
on electro-optic converters here, our feedforward proto-
col is broadly applicable to two-mode signal processing
devices in which transmission occurs through a noisy in-
termediary mode. It also complements recent theoretical
work proposing adaptive control for quantum transduc-
ers [34, 49].
We will consider classical and quantum feedforward
protocols in a microwave-mechanical-optical converter
in which the mechanical element is thermally occupied
(Fig. 1a). The noise emitted from each port contains
a redundant record of the mechanical oscillator’s ther-
mally driven motion. During operation, the signal to
be converted is injected into the microwave port and an
ancilla state is injected into the optical port. The upcon-
verted signal, with noise added, is emitted from the opti-
cal port. The ancilla state, contaminated with the same
added noise, is emitted from the microwave port. Mea-
suring the downconverted ancilla and feeding forward to
the propagating optical mode can remove this correlated
added noise.
Classical and quantum feedforward protocols are dis-
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FIG. 1. Feedforward schematic and measurement net-
work. a, A signal incident on the microwave port (blue si-
nusoid) is output from the optical port (red sinusoid) with
thermal noise coupled in from the internal port (maroon disk).
Optical ancilla (black circle) is simultaneously downconverted
with correlated noise added. The ancilla is measured and a
feedforward protocol (FF) is applied. Dotted line is the con-
verter box. Blue and red arrows show microwave and optical
reflections, and purple arrows show conversion process. b,
Simultaneous coupling of microwave (blue) and optical (red)
resonators to a single mechanical mode (purple). Strong opti-
cal (red arrow) or microwave (blue arrow) pumps are applied
to create optomechanical interaction. A weak probe signal
(green arrow) detuned from the pump by δ can be applied to
one converter port and detected at the other. Converter box is
shaded grey. Feedforward operations are indicated by beige-
shaded regions. For our classical demonstration these oper-
ations are optical heterodyne measurement and subtraction
in post-processing. The corresponding operation in a quan-
tum feedforward protocol would be a unitary displacement of
the optical field conditioned on the microwave measurement
result.
tinguished by the choice of ancilla. Simply choosing the
ancilla to be optical vacuum causes zero-point fluctua-
tions (vacuum noise) to be fed forward along with the
thermal noise. In this case, although thermal noise may
be completely removed, vacuum noise from the ancilla is
necessarily written onto the upconverted signal. Choos-
ing vacuum as the ancilla therefore prohibits upconver-
sion of a state with negative Wigner function or squeez-
ing, so we refer to it as classical feedforward. Classical
feedforward is a resource for recovering classical signals,
whose performance — interestingly — depends on sys-
tem efficiencies rather than temperature, quality factor,
or cooperativity. However, classical feedforward is ap-
parently unhelpful for quantum tasks.
A different choice of ancilla would allow quantum tasks
to be accomplished, even in the presence of thermal noise.
For example if the ancilla is an infinitely squeezed vac-
uum state, one quadrature can be fed forward noiselessly,
permitting noiseless measurement of a single upconverted
quadrature or upconversion of a squeezed quadrature
without high cooperativity. This quantum protocol does
however place limits on measurement and converter ef-
ficiencies, as any loss will add noise to the feedforward
process. In the limit of perfect measurement efficiencies
and squeezing, a converter efficiency η > 50% is still re-
quired to upconvert a squeezed quadrature or measure
a remotely prepared microwave quadrature with added
noise less than vacuum. We therefore refer to 50% as a
quantum threshold efficiency for feedforward protocols.
More sophisticated tasks can be imagined with quantum
feedforward, albeit with more stringent efficiency require-
ments. In particular, quantum feedforward could be used
to upconvert a qubit state given a qubit encoding ro-
bust to noise in one quadrature. One example of such a
feedforward-based qubit upconversion scheme is explored
in the supplement.
In the present work we focus on the experimental iden-
tification of correlations that allow feedforward, and per-
form classical feedforward with a vacuum ancilla. For
this demonstration we measure both converter outputs
in heterodyne detection and perform subtraction in post-
processing to remove the correlated noise (Fig. 1b). A
quantum protocol would instead entail homodyne mea-
surement of the ancilla at the microwave port, and con-
ditional unitary displacement at the optical port.[36]
Our electro-optic converter is housed in a cryostat with
base temperature T = 35 mK, and comprises microwave
and optical cavities simultaneously coupled to a single
vibrational mode of a suspended dielectric membrane
with resonant frequency ωm/2pi = fm = 1.473 MHz
(Fig. 1b). Strong red-detuned pump tones incident on
both cavities parametrically couple mechanical motion
to propagating microwave and optical fields at rates Γe,o
that greatly exceed the intrinsic mechanical damping rate
γm = 2pi × 11 Hz (see methods). Along with the two
pump tones, a weak probe tone, incident on either the
microwave or optical cavity, is measured in heterodyne
detection, and used for characterization and implemen-
tation of classical feedforward.
The converter box is characterized by a series of probe-
tone scattering parameter measurements Sij(δ), where
i = e, o is the measured port, j = e, o is the excited
port, and δ is the frequency of the probe relative to
the pump [43]. As shown in Fig. 2a, when Γe ≈ Γo,
a dip in microwave reflection occurs near δ/2pi = fm,
with a corresponding peak in microwave-to-optical trans-
mission, indicating the absorption of signals in the mi-
crowave port and their emission at the optical port. A
nearly identical optical-to-microwave transmission signal
is also observed. The peak transmission |t|2 = 0.55 cor-
responds to a conversion efficiency of η = |t|2/A = 0.41,
where A is the independently measured converter gain
due to imperfect sideband resolution [43]. The converter
bandwidth (measured as the full width at half maximum
of the transmission peak) is given by the total linewidth
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FIG. 2. Converter efficiency. a, Measured converter scat-
tering parameters versus probe frequency δ: microwave re-
flection (See), optical reflection (Soo), microwave-to-optical
transmission (Soe), and optical-to-microwave transmission
(Seo). Colored trace is Γe ≈ Γo (see methods). Gray trace is
Γe  Γo, with same Γo. Shaded region highlights induced ab-
sorption of incident power when conversion rates are matched.
b, Converter efficiency η versus total damping ΓT. ΓT is
swept by tuning Γe with Γo fixed. Black line is a fit to Eq. 1.
Purple and gray points correspond to data in panel a. c,
Matched efficiency ηM versus optical cavity linewidth κo. The
ratio of external optical cavity coupling to internal loss varies
with κo. Black dotted line indicates quantum feedforward
threshold at ηM = 0.5, discussed in main text. Horizontal er-
ror bars represent the standard deviation of several repeated
linewidth measurements. Vertical error bars are obtained by
propagating standard error in individual scattering parameter
measurements.
of the optomechanically and electromechanically damped
membrane mode, ΓT = Γe + Γo + γm.
For comparison, if Γe is decreased such that Γe  Γo,
microwave reflection becomes almost flat, with a value
determined by the microwave cavity coupling, and nearly
zero power is transmitted. At the same time, a peak is
observed in optical reflection resulting from optomechan-
ically induced transparency effects. The peak height ex-
ceeds one due to converter gain (see supplement). The
optical reflection peak is suppressed when Γe ≈ Γo, con-
stituting electromechanically induced optical absorption,
which, to our knowledge, has not been previously re-
ported.
To further explore the converter box’s performance,
the efficiency is extracted from peak transmission for a
range of Γe with Γo = 2pi × 725 Hz fixed (Fig. 2b). For
fixed optical cavity parameters, efficiency is maximized
when damping rates are matched (Γe = Γo, ΓT = 2pi ×
1.45 kHz). The conversion efficiency is fit to [43]
η =
4ΓeΓo
(Γe + Γo + γm)2
ηM =
4(ΓT − Γo − γm)Γo
Γ2T
ηM, (1)
where γm and Γo are fixed from independent measure-
ments and ηM is the only fit parameter. For our con-
verter Γe,Γo  γm, and thus η = ηM when the converter
is matched. Therefore we refer to ηM as the matched
efficiency. In this low mechanical dissipation regime,
there is negligible energy loss in the electro-optic trans-
duction process itself, but some energy is absorbed in
each electromagnetic resonator, and the spatial profile of
the optical cavity mode does not perfectly match that
of the external modes used for measurement and sig-
nal injection (see supplement). We thus expect ηM =
(κex,o/κo)(κex,e/κe), where κo and κex,o (κe and κex,e)
are the optical (microwave) cavity linewidth and exter-
nal coupling respectively, and  parameterizes the optical
cavity mode matching. The fit result, ηM = 43 ± 1%,
agrees with the theoretical expectation, ηM = 43 ± 4%
obtained from independent measurements of , κex,o/κo,
and κex,e/κe.
Tuning the membrane position in situ within the opti-
cal cavity changes both κex,o and κo due to interference
effects (see supplement), and therefore alters the matched
conversion efficiency (Fig. 2c). Matched conversion effi-
ciency initially increases with κo, reaching a maximum
at κo = 2pi × 2.7 MHz, and then decreases as internal
optical cavity loss begins to dominate. The in situ tun-
ing of the optical cavity also changes the optomechani-
cal coupling and thus the achievable converter bandwidth
ΓT. For intermediate linewidths near the highest efficien-
cies, the optical cavity became unstable, possibly due to
large optomechanical coupling in these regions. The peak
conversion efficiency achieved was 47± 1%, approaching
the quantum feedforward threshold efficiency. At peak
conversion efficiency, the matched converter bandwidth
was 12 kHz, while a 100 kHz bandwidth was achieved at
κo = 2pi × 3 MHz.
During the conversion process, vibrational noise is
added to the signal. In order to explore correlations in
this noise, we turn off the weak probe tone and return to a
high-stability configuration with ηM = 43%, but smaller
pump power (Γe ≈ Γo, ΓT = 2pi×200 Hz). In this config-
uration electro/optomechanical cooling of the mechanical
mode is diminished, while still maintaining Γe,Γo  γm.
We perform heterodyne measurements of the noise exit-
ing both converter ports (see supplement), and analyze
the results in the frequency domain: X(ω) and Y (ω) will
denote respectively the real and imaginary parts of the
Fourier transform of the noise time stream at detuning
+ω from the pump. The total power spectral density is
then S(ω) = 〈X2(ω)〉+ 〈Y 2(ω)〉, and is reported in units
of photons/s/Hz, or more simply photons, referred to
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FIG. 3. Electro-optic correlations. a, Microwave real
spectral density, 〈Xe(ω)Xe(ω)〉, in units of photons referred
to converter output, showing thermal-mechanical noise peak
and background noise from microwave measurement chain. b,
The optical real spectral density, 〈Xo(ω)Xo(ω)〉, exhibits sim-
ilar features. c, Real cross-spectral density, 〈Xe(ω)Xo(ω)〉, il-
lustrating that thermal noise exhibits perfect classical correla-
tions between outputs and background noise is uncorrelated.
d, Covariance matrix obtained from averaging the spectral
and cross-spectral densities around ωm with a 2pi × 50 Hz
bandwidth, indicating similar behavior for the imaginary mi-
crowave and optical spectral densities and the imaginary
cross-spectral density; no correlations exist between real and
imaginary parts.
the converter output. For example, an ideal heterodyne
measurement of S(ω) gives a background noise level of
1 photon, and 50% loss in the measurement chain would
double the background level.
The microwave real power spectral density,
〈Xe(ω)Xe(ω)〉, exhibits a peak of width ΓT/2pi = 200 Hz
around ω/2pi = fm (Fig. 3a). The peak height relative
to background, 〈(X(th)e )2〉 = 69.2 photons, is obtained
from a Lorentzian fit to the data and attributed to
thermally driven mechanical motion at a bath temper-
ature T = 87 ± 4 mK (see supplement), which exceeds
the cryostat base temperature of 35 mK. The elevated
membrane temperature is consistent with indepen-
dently measured optical heating (see supplement). The
background noise level, 31.8 photons, corresponds to
ne = 29.6 photons from vacuum noise and the added
noise of the microwave measurement chain, with the
remaining 2.2 photons due primarily to parameter
noise in the LC circuit (independently calibrated, see
supplement).
The optical real spectral density, 〈Xo(ω)Xo(ω)〉, shows
a similar peak (Fig. 3b). The peak height above noise,
〈(X(th)o )2〉 = 33.1 photons, provides a second measure of
the bath temperature, T = 80 ± 4 mK, consistent with
Fig. 3a. The background noise, no = 2.7 photons, cor-
responds to vacuum noise plus the effect of loss in the
optical measurement chain. Note that no < ne, indicat-
ing that the optical measurement apparatus is closer to
ideal.
The real cross-spectral density, 〈Xe(ω)Xo(ω)〉, has
a 47.7 photon peak at ω/2pi = fm, indicating that
the thermal fluctuations are common to both outputs
(Fig. 3c). The difference between the observed corre-
lations and their maximum classical value, 〈XeXo〉 −√
〈(X(th)e )2〉
√
〈(X(th)o )2〉 = −0.2 ± 0.3 photons, is con-
sistent with zero, indicating that thermal noise is per-
fectly correlated between the two outputs, as expected
from optomechanical theory (see supplement). Away
from mechanical resonance the cross-correlation vanishes,
as expected for uncorrelated noise from the independent
measurement chains. Similar behavior is observed for
〈Ye(ω)Yo(ω)〉 (Fig. 3d).
Harnessing the observed correlations, we use classical
feedforward to recover a weak upconverted signal. With
the weak signal incident on the microwave port and de-
tuned from the pump by δ/2pi = fm+5 Hz, microwave re-
flection and converter transmission to the optical port are
simultaneously measured. The microwave reflection is
fed forward to remove noise from the upconverted optical
signal. In a quadrature picture (see supplement) where
demodulated microwave and optical fields are described
in the time domain by (q(t), p(t)) position-momentum
pairs, the fed-forward optical quadrature qˇo is given by
qˇo = qo − w
√
no
ne
qe, (2)
where qo is the measured optical quadrature, qe is the
microwave quadrature, and w is the feedforward weight;
a similar definition is used for pˇ.
Initially, with feedforward turned off (w = 0 for t < t∗),
the upconverted signal, a 2pi × 5 Hz quadrature oscilla-
tion, is difficult to resolve (Fig. 4a). After feedforward is
turned on (w = 1.6 for t > t∗), the weak signal becomes
clearly visible. To quantify the improvement, the optical
quadratures (qˇo, pˇo) are repeatedly measured without a
signal tone, as shown in Fig. 4b. The quadratures are
Gaussian distributed (Fig. 4c), and feedforward reduces
each quadrature variance by 59%.
Feedforward performance is limited mainly by the ad-
dition of uncorrelated noise from imperfect measurement
chains. This limitation can be understood by examin-
ing the power spectral density of the feedforward signal,
〈Xˇ2o 〉+ 〈Yˇ 2o 〉, where
〈Xˇ2o 〉 = 〈X2o 〉+ w2
no
ne
〈X2e 〉 − 2w
√
no
ne
〈XeXo〉, (3)
〈Yˇ 2o 〉 = 〈Y 2o 〉+ w2
no
ne
〈Y 2e 〉 − 2w
√
no
ne
〈YeYo〉, (4)
in terms of the measured real and imaginary spectral den-
sities. As shown in Fig. 4d, as the feedforward weight w is
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FIG. 4. Feedforward operation of a microwave-mechanical-optical converter. a, Fed-forward optical quadrature qˇo
versus time with feedforward off (t < t∗) and feedforward on (t > t∗). A weak signal incident on the microwave port is recovered
at the optical port. b, Repeated measurements of both optical quadratures (qˇo, pˇo) with and without feedforward. Signal tone
turned off. c, P (pˇo), the inferred probability density of pˇo, with and without feedforward, with Gaussian fits. The variance
decreases by 59% with feedforward on. Error bars obtained from Poisson counting statistics. d, Total noise power spectra,
Xˇ2o (ω) + Yˇ
2
o (ω), for different feedforward weights, w, with ΓT = 2pi×200 Hz. Best added noise in photons referred to converter
input, Nadd, indicated on right axis. e, Total noise power spectra, X
2
o (ω) + Y
2
o (ω), for different laser cooling rates, ΓT, while
maintaining Γe ≈ Γo. Best added noise in photons referred to converter input, Nadd, indicated on right axis.
increased, the peak noise power near fm decreases due to
the presence of correlations near mechanical resonance.
However, Fig. 4d also illustrates that the noise power off
resonance increases with increasing w. At w = 1, the
background noise receives equal contributions from the
optical measurement noise and fed-forward noise from
the microwave measurement chain; for w > 1 the noise
introduced by feedforward will dominate off-resonance
while the thermal noise around fm continues to decrease.
For reporting noise performance of the converter, the
relevant metric is noise referred to converter input, which
can be calculated from the output noise on resonance by
dividing by the apparent converter efficiency, A · η. One
can then consider an added feedforward noise at con-
verter input (right side of Fig. 4d), reflecting how much
the observed noise exceeds the amount due to the im-
perfect measurement chains and vacuum noise. Feedfor-
ward with w = 1.6 effectively adds Nadd = 38 photons
of noise to the converter input, the majority of which is
fed-forward microwave measurement noise.
It is interesting to make a comparison between
feedforward operation and laser cooling (elec-
tro/optomechanical damping) of the mechanical
oscillator. As shown in Fig. 4e, increasing the total
damping, ΓT, while maintaining matching, Γe ≈ Γo,
improves noise performance while increasing bandwidth.
Damping rates are limited by laser-induced heating
of the superconductor and LC parameter noise (see
supplement). Laser cooling achieved a best value of
Nadd = 34 photons of input-referred added noise (right
side of Fig. 4e), comparable to the best feedforward
performance. Unlike feedforward operation, laser cooling
does not affect the background noise.
Although feedforward and laser cooling achieve compa-
rable noise performance in the current setup, their limita-
tions are quite different. In the presence of technical noise
that limits damping rates, the performance of laser cool-
ing is set by nth,mγm, where nth,m is the thermal phonon
occupancy of the membrane. Indeed, we have studied
laser cooling in a different converter with 10 times lower
mechanical dissipation but a lower conversion efficiency
of 12%, and achieved an Nadd = 13 photons of added
noise. With feedforward, on the other hand, one can
always completely eliminate the effect of thermal noise
at the expense of feeding forward measurement noise.
Provided Γe,Γo  γm, feedforward performance is de-
termined solely by the measurement apparatus, rather
than coupling to the thermal bath. It should be empha-
sized that for any low-frequency mechanical mode this is
a much less stringent condition on damping rates than
high cooperativity (Γe,Γo  nth,mγm). For example, in
a 4 K experiment with a similar measurement setup, one
would expect feedforward performance similar to that ob-
served here, but laser cooling to be orders of magnitude
6less effective.
Looking ahead to quantum feedforward operation,
a central challenge is improving microwave and opti-
cal measurement performance. In particular the mi-
crowave measurement noise could be improved by using
a quantum-limited microwave amplifier [37]. Meanwhile,
more theoretical work is needed to thoroughly explore the
electro-optomechanical correlations identified here, and
to study optimal qubit encodings for microwave-optical
conversion with feedforward.
Methods
Device parameters
We realize an electro-optic converter by simultaneously
coupling microwave and optical resonators to a single
mode of a mechanical oscillator. The mechanical os-
cillator is a thin, suspended dielectric membrane, with
resonant frequency ωm/2pi = fm = 1.473 MHz for the
mode of interest. A portion of the membrane is metal-
lized and arranged as a mechanically compliant capacitor
in a superconducting LC circuit, with resonant frequency
ωe/2pi = 6.16 GHz and linewidth κe = 2pi×2.5 MHz. An-
other portion of the membrane is situated in the mode
of a Fabry-Perot optical cavity with resonant frequency
ωo/2pi = 281.8 THz and linewidth κo = 2pi × 2.1 MHz.
Vibrational motion of the membrane modulates ωe by
Ge ≈ 2pi×8 MHz/nm and ωo by Go ≈ 2pi×13 MHz/nm.
The entire assembly is housed in a cryostat with base
temperature T = 35 mK [42], where both microwave and
optical modes are close to their quantum ground state.
With a strong red-detuned pump beam incident on the
optical cavity, the optomechanical interaction couples the
mechanical oscillator to propagating optical fields at a
rate Γo that exceeds the intrinsic mechanical damping
rate γm = 2pi × 11 Hz. At pump detuning ∆o = −ωm
and in the resolved sideband limit (4ωm/κo  1), the
optomechanical damping rate has the simple form[43]
Γo =
4G2ox
2
zpα
2
o
κo
, (5)
where αo is the intracavity pump amplitude and xzp is
the zero-point amplitude of the membrane mode. The
electromechancial damping in the presence of a strong
red-detuned microwave pump tone has the same form:
Γe =
4G2ex
2
zpα
2
e
κe
. (6)
In practice, our converter is moderately sideband-
resolved (4ωm/κo ≈ 4ωm/κe ≈ 2.5), with pump detun-
ings ∆e/2pi = −1.47 MHz and ∆o/2pi = −1.11 MHz.
These details change the precise form of the expressions
for Γo and Γe but not the essential physics.
We set the optical pump detuning ∆o to maximize the
optomechanical damping rate per incident photon. In the
resolved sideband limit, this maximum damping occurs
at ∆o = −ωm, but this is not generally the case with
imperfect sideband resolution.
Fabrication Details
The mechanical oscillator is a 100 nm thick, 500 µm
wide silicon nitride membrane suspended from a silicon
chip. A 25 nm thick niobium film which serves as one
capacitor pad is fabricated on one quadrant of the mem-
brane before it is released. The membrane chip is flipped
over and affixed to a second silicon chip, on which a mi-
crofabricated niobium circuit comprising an inductor and
a second capacitor pad was previously patterned using
standard lithographic techniques. The full fabrication
process has been described elsewhere [39]. The flip-chip
assembly is constructed with a West Bond manual die
bonder, and the chips are affixed using Stycast 2850. In
the fully assembled flip-chip device, the two niobium pads
form a parallel-plate capacitor with a plate spacing of
300 nm, and the 6.16 GHz resonant frequency of the re-
sulting LC circuit is modulated by vibrations of mode of
interest. Propagating microwaves are wirelessly coupled
to the LC circuit through a re-entrant microwave cavity,
which also holds mirrors that form a Fabry-Perot optical
cavity with a 281.8 THz resonant frequency [40]. The
optical cavity comprises two mirrors, with 29 ppm and
98 ppm power transmission respectively, separated by
2.6 mm. The chip assembly is placed in the standing wave
of the optical cavity with the membrane 750 µm from the
high-transmission mirror, such that the membrane’s vi-
brations modulate the cavity’s resonant frequency [41].
The optical mode intersects the membrane in the quad-
rant opposite the capacitor, and these two regions of the
membrane move in phase for the mechanical mode of in-
terest.
Data Availability
The data that support the plots within this paper and
other findings of this study are available from the corre-
sponding author upon reasonable request.
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9TABLE S1. Converter parameters for ηM = 0.43 configuration.
κe/2pi 2.5 MHz
κex,e/2pi 2.3 MHz
κint,e/2pi 0.2 MHz
∆e/2pi -1.47 MHz
Gexzp/2pi 3.8 Hz
κo/2pi 2.1 MHz
κex,o/2pi 1.1 MHz
 0.87
κB,o/2pi + κint,o/2pi 1.0 MHz
∆o/2pi -1.11 MHz
Goxzp/2pi 6.6 Hz
ωm/2pi = fm 1.4732 MHz
γm/2pi 11 Hz
SUPPLEMENTARY INFORMATION
I. SYSTEM PARAMETER SUMMARY
System parameters are summarized in Table S1 for the configuration with ηM = 0.43. These parameters apply to
all data in the main text, except Fig. 2c, where ηM is varied.
II. MEASUREMENT NETWORK DIAGRAM AND CALIBRATIONS
Fig. S1 shows a detailed schematic of the measurement network.
A. Data acquistion
Data acquisition is performed with a Zurich Instruments HF2LI lock-in amplifier. Scattering parameters are mea-
sured by sweeping an output tone and demodulator frequency, and spectra can be measured by taking a time trace
and computing the Fourier transform. The converter is operated at the base temperature of a dilution refrigerator
with optical access, and a cryogenic HEMT amplifier is used for microwave measurements. Microwave signals are
measured by demodulating with an I/Q mixer, remodulating at a frequency of 10 MHz, then feeding into the HF2LI.
The demodulate-remodulate procedure allows both microwave quadratures to be measured by a single physical chan-
nel, and makes the signal processing functions performed by the HF2LI symmetric between the microwave and optical
domains. Optical signals are measured by combining the beam exiting the cavity with an LO on a beam splitter and
reading out the difference port of a balanced heterodyne detector.
When computing spectra, an incident signal s(t) is demodulated at a frequency fd = fc+fm, where fc is the carrier
frequency: fc = 10 MHz for microwave measurements and fc = 12 MHz for optical measurements. The resulting
quadratures, q(t) and p(t), are used to compute,
a(t) = (q(t) + ip(t))ei2pifdt, (S1)
which is the complex-equivalent signal of s(t),
a(t) = s(t) + iH[s(t)], (S2)
where H denotes the Hilbert transform. The Fourier transform of a(t), a(ω) =
∫ +∞
−∞ a(t)e
−iωt dt is then computed
approximately using DFT. a(ω) is a complex-valued function,
a(ω) = X(ω) + iY (ω), (S3)
with real component X(ω) and imaginary component Y (ω), and is zero when ω < 0. In the limit of narrowband
demodulation the quadrature variances satisfy e.g., Var(qo) = 〈Xo(ωm)Xo(ωm)〉. A demodulation bandwidth of
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FIG. S1. Measurement Network. A Zurich Instruments Lock-in Amplifier (ZI) is used as a spectrum and network analyzer.
Outputs are driven 90◦ out of phase to produce a single sideband probe tone. In the microwave single sideband generator
(blue box), a mixer is used to produce a single upper sideband directly on the microwave pump. The optical single sideband
modulation (red box) is first mixed with an intermediate 75 MHz tone to drive an AOM. A lock beam (green) is used to
reference and lock the optical cavity. The converter (purple box) is thermalized to the base plate of an optical access dilution
refrigerator (grey dashed box), and microwave and optical tones are routed in with appropriate filtering. A directional coupler
is used at base to provide filtering and an effective cold load. Transmission through the optical cavity can be used for
characterization. Reflected and converted signals are routed by circulators to detection (yellow). A cryogenic HEMT amplifier
is used for microwave amplification. The microwave output signal is demodulated with an I/Q mixer, remodulated at a
frequency of 10 MHz, and then routed to the ZI. The optical beam is mixed with a local oscillator beam (orange) and measured
in heterodyne. Spectrum analyzer measurements can be made by turning the ZI outputs off and fixing the demodulation
frequency.
2pi × 50 Hz is used for all quadrature data. Note that away from mechanical resonance, X(ω) is not just the Fourier
transform of q(t), but rather contains contributions from both q(t) and p(t). In the main text, spectra are displayed
shifted so that fc appears at zero frequency.
B. Microwave and optical calibrations
A temperature sweep of the base plate of the dilution refrigerator is used to calibrate output-referred noise spectra
like those shown in Fig. 3 of the main text. Raw spectra are normalized to the noise level with the pump off, to which
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FIG. S2. (a) Total microwave noise power spectra, X2e (f) + Y
2
e (f), shown for a range of base plate temperatures. Optical
pump off. Noise is normalized to unity with pumps off. (b) Total optical noise power spectra, X2o (f) + Y
2
o (f), shown for a
range of base plate temperatures, with the same normalization procedure. Microwave pump off. (c) Microwave peak height σe
vs. temperature T , with a single-parameter linear fit to extract total noise (see text). Open data point, indicating imperfect
thermalization to the cryostat at low temperature, is excluded from fit. (d) Optical peak height σo vs. temperature T , with a
similar fit. Open data point, indicating imperfect thermalization to the cryostat at low temperature, is excluded from fit.
the only contributions are vacuum noise and measurement chain added noise; the peak height is σ in these units.
The peak exhibits a linear temperature dependence due to the thermally driven motion of the mechanical oscillator
(Fig. S2), except at the lowest temperatures where the membrane evidently falls out of equilibrium with the dilution
refrigerator (open circles, Fig. S2c and d). The temperature below which the membrane falls out of equilibrium is
higher in the optical measurement, indicating that optical heating is a significant factor below T = 100 mK. We find
that this membrane heating occurs whenever the locking beam is introduced, but is independent of damping power,
consistent with the observations in Ref. [42].
The spectra are calibrated by fitting the observed peak heights σ(T ) to an expected linear dependence obtained from
combining the full optomechanical equations of motion [43] with independently measured parameters in Table S1 [44].
The only fit parameter is a proportionality factor that converts uncalibrated thermal peaks to units of photons at the
converter output; the normalization of the uncalibrated spectra implies that the single-quadrature background noise
(vacuum noise plus measurement chain added noise) is simply given by the calibration factor for each measurement.
This procedure yields a single-quadrature background noise ne = 29.6 photons at the microwave output port and
no = 2.7 photons at the optical output port. Inverting this calibration procedure, we can associate the number of
output-referred photons on resonance in spectra like those in Fig. 3 of the main text with an effective mechanical
bath temperature.
The microwave cavity coupling ratio κex,e/κe is easily measured using the HF2LI as a network analyzer (see Sec. V).
The optical cavity parameters are needed to predict the optical field output noise using optomechanical theory [45].
The mode matching between the cavity and the pump beam is obtained by directing a transmitted beam and the
reflected pump onto the heterodyne detector, and measuring the visibility of the resulting interference pattern (see
Sec. II D). The optical cavity linewidth is measured by sweeping a probe with two sidebands at a known frequency
through resonance. The optical cavity coupling ratio κex,o/κo, which is used to determine κex,o in Table S1, is then
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fixed based on the measured converter efficiency. As a check, κex,o/κo is independently extracted from reflection and
transmission measurements of both ports of the optical cavity [46]. This procedure yields κex,o/κo = 0.53, which can
also be used to determine the expected microwave-optical conversion efficiency, (κex,o/κo)(κex,e/κe) = 43 ± 4%, as
reported in the main text.
C. Calibration checks
As a check of the optical calibration in Sec. II B, we independently measure the optical path loss and heterodyne
detector dark noise. This measurement gives an effective transmission of 16%, or equivalently an expected single-
quadrature background noise of (1/4 × 2) × 1/0.16 = 3.1 photons, where the three factors correspond to the single-
quadrature vacuum variance, inefficiency of an ideal heterodyne detector, and effective loss, respectively. This is in
reasonable agreement with the thermal calibration.
As a check of the microwave calibration in Sec. II B, the amplifier chain can be characterized by measuring off-
resonance noise, as shown in Fig. S3. Data are fit to
Sout = G
(
1
2
coth
(
hf
2kBT
)
+NHEMT
)
, (S4)
where the two fit parameters are the gain G and two-quadrature receiver added noise NHEMT, which we expect is
dominated by the added noise of the HEMT preamplifier. We obtain NHEMT = 20 photons, which implies 10 photons
of added noise in a single-quadrature measurement. Comparing this result to the single-quadrature noise in Sec. II B,
ne = 29.6 photons, naively implies 4.6 dB of loss from the LC circuit output to the effective cold load, a somewhat
high value. This loss inference should be treated with caution, as the temperature sweep in Fig. S3 was performed
with some stages of the dilution refrigerator slightly colder, which lowers total chain noise compared to Fig. S2.
With the strong pump powers needed for our experiment, two distinct effects lead to excess noise within the LC
circuit bandwidth. First, we observe excess phase noise on resonance which scales with the microwave pump power
and overwhelms the intrinsic phase noise of the pump generator. Similar “parameter noise” has been observed in other
superconducting resonator geometries [47], and may arise from fluctuating two-level systems at the substrate-metal
interface or in a surface oxide layer [48]. From independent measurements, we expect parameter noise to contribute
1 photon to a single-quadrature microwave measurement with Γe = 2pi × 95 Hz, as in Fig. 3 of the main text. We
also observe excess noise in the LC circuit that scales with the total laser power incident on the membrane, to which
both the lock beam and the optical pump contribute. From independent measurements, we expect laser heating to
contribute an additional 0.5 photons of noise in a single-quadrature microwave measurement with Γo = 2pi×95 Hz, as
in the main text. The sum of the parameter noise and laser heating contributions is in reasonable agreement with the
2.2 excess photons measured at the microwave output port in Fig. 3a of the main text. The effects of LC parameter
noise in particular are significantly exacerbated by the much higher pump powers required for laser cooling. For
example, in the configuration with ΓT = 2pi × 3.5 kHz for which we obtained the best laser cooling performance, we
attribute 25 photons of added noise referred to converter input to parameter noise in the microwave resonator.
Laser cooling performance is usually quantified via the minimum phonon occupancy nf,m of the mechanical res-
onator, a quantity closely related to the input-referred added noise cited in the main text. Laser cooling with
ΓT/2pi = 3.5 kHz reduced the membrane’s phonon occupancy from nth,m ≈ 1200 to a best value of nf,m = 18.6. In
the device with 10 times lower mechanical dissipation mentioned in the main text, we obtained a final membrane
occupancy of nf,m = 4.9 phonons.
D. Mode matching and efficiency calibration
Care must be taken to correctly treat the various optical mode matching factors that impact the probe-tone
scattering measurements. We parameterize the mode-matching between two optical fields of the same polarization
E1, E2 with the factor
 =
∣∣∫ E∗1E2d2x∣∣√∫ |E1|2 d2x ∫ |E2|2 d2x. (S5)
Operationally, we direct two beams at different frequencies onto a photodetector;  is measured as the square root of
the fringe visibility.
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FIG. S3. Noise measured in the microwave domain off LC resonance as temperature is varied, fit to Eq. S4.
The converter is calibrated by dividing the transmission in each direction by the off-resonant reflection off each port
[43]. In this way the individual gains and losses of the measurement network need not be known, and yet they can
still be calibrated out. With this calibration procedure, mode matching d between the incident beam and the cavity
mode is automatically included in the downconversion efficiency, and mode matching u between the outgoing cavity
mode and the LO is included in the upconversion efficiency. In practice u ≈ d, and we define the mode-matching
factor  that appears in the expression for the bidirectional conversion efficiency ηM in the main text as  =
√
ud.
With a non-ideal optical heterodyne measurement, we must also account for imperfect mode-matching LO between
the local oscillator and the reflection from the optical port, which only affects the off-resonant reflection measurement
used to calibrate out path losses. Since LO is not an inherent quality of the converter, it should not be included
in the measured conversion efficiency, and must be calibrated out separately. An independent measurement of the
interference visibility between the LO and a far-detuned beam reflected off the cavity yields LO = 0.83, which is
similar to  = 0.87 as expected.
III. OPTICAL CAVITY LINEWIDTH THEORY
Both optical cavity mirrors can be translated longitudinally in situ via piezoelectric actuators. During operations,
one of these actuators is used in a Pound-Drever-Hall cavity locking scheme to keep the optical pump at a fixed detuning
from the cavity resonance; the other may be used to change the membrane position within the optical standing wave
of the cavity. The membrane and fixed mirror effectively constitute a low-finesse etalon whose transmission depends
on their separation. Thus, the optical cavity parameters can be adjusted in situ by actuating the fixed mirror piezo.
Figure S4 shows the theoretical and measured optical linewidth and the theoretical optomechanical coupling rate as a
function of membrane-mirror separation. As the membrane position is varied, the light energy is stored predominately
to one side or the other of the membrane [44], and the external coupling factors associated with the high-throughput
input mirror and the low-throughput back mirror (κex,o and κB,o, respectively) vary accordingly. In order to further
increase κex,o/κo, the optical cavity mirrors have unequal transmission rates. This cavity asymmetry results in
variation in the total optical cavity linewidth κo as the membrane position is varied. Furthermore, our membrane
is placed closer to the input mirror, resulting in enhanced optomechanical coupling Go when κex,o/κo is maximized.
Ideally, we would operate at a position where Go and κex,o are simultaneously maximized. However, due to optical
instability, a configuration with ηM = 0.43 and κex,o/κo = 0.54 was used instead for noise measurements.
IV. OPTOMECHANICAL RESPONSE THEORY
Reflection measurements of the optical cavity can be understood using the mechanically mediated state transfer
defined in the supplement of Ref. [43]. To our knowledge, electromechanically induced optical absorption has not been
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from independent parameter measurements. Grey band expresses uncertainty of system parameters.
previously reported, and is therefore examined in more detail here. The optical cavity has a Lorentzian response and
shows up as dip in reflection, from which we detune a pump tone and study mechanical response.
Fig. S5 shows narrow-band measured and expected scattering parameters of the mechanical response for the optical
port, with Γe  Γo. Fixing all the cavity and pump parameters in the equations of motion generates a line shape
that reproduces salient features observed in the experiment. The peak value exceeds one due to gain from imperfect
sideband resolution, and the Fano-like shape arises from the mechanical response not being on the flat bottom of the
dip, but on the slope of the optical cavity response (due to ∆o 6= −ωm; see methods).
V. MICROWAVE CAVITY REFLECTION
The microwave network is characterized by reflection scattering measurements. Off resonance of the LC circuit,
all the power is reflected, so off-resonance measurements therefore measure the net loss/gain of the microwave chain.
By normalizing to the off-resonance value we can isolate the response of the LC cavity. The transfer function of a
one-port cavity is
S(∆) = −2i∆ + κint − κex
2i∆ + κint + κex
, (S6)
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FIG. S6. Measured scattering parameter of microwave circuit (black), with fit (blue) to extract cavity coupling rates. (a) Power
response shows Lorentzian dip with some background ripple characteristic of wide band measurement. (b) Phase response.
where ∆ is the detuning between the probe and cavity, κint is the internal loss rate, and κex is the external coupling
rate.
Using the amplitude and phase of the transfer function, we can extract internal and external coupling rates,
κex,e/2pi = 2.3 MHz and κint,e/2pi = 0.2 MHz. The background level in the narrowband microwave reflection mea-
surement shown in Fig. 2 of the main text matches the resonant dip value
|S(0)|2 = 0.69. (S7)
VI. ELECTRO-OPTIC CORRELATION THEORY
Spectra of the output fields are expressed in terms of a matrix C(ω), whose elements are given by
Cij(ω)δ(ω − ω′) = 1
2
〈{[aout,i(ω′)]†,aout,j(ω)}〉, (S8)
where aout = (aˆout,B, aˆout,F, bˆout, aˆ
†
out,B, aˆ
†
out,F, bˆ
†
out)
T is a vector of optical (aˆout) and microwave (bˆout) output field
operators.1 Output fields are related to input fields by the matrix Ξ(ω), aout(ω) = Ξ(ω)ain(ω), calculated from
linearized equations of motion following Ref. [43]. Here
ain =
(
aˆin,B, aˆin,F, aˆin,int, bˆin,ex, bˆin,int, cˆin, aˆ
†
in,B, aˆ
†
in,F, aˆ
†
in,int, bˆ
†
in,ex, bˆ
†
in,int, cˆ
†
in
)T
(S9)
is a vector of input fields for optical (aˆin), microwave (bˆin), and mechanical (cˆin) modes.
In terms of input fields, the spectral matrix is then
C(ω)δ(ω − ω′) = 1
2
Ξ∗(ω′)
(〈[ain(ω′)]†aTin(ω)〉+ 〈[ain(ω)[aTin(ω′)]†]T 〉)ΞT (ω), (S10)
where transposes act only on matrices and adjoints act only on operators. The input fields are thermal states,
satisfying for example 〈[cin(ω′)]†cin(ω)〉 = δ(ω− ω′)nth,m and 〈cin(ω)[cin(ω′)]†〉 = δ(ω− ω′)(nth,m + 1), where nth,m is
the number of thermal phonons in the mechanical oscillator. Integrating over ω′, Eq. S10 can then be rewritten
C(ω) =
1
2
Ξ∗(ω)ΞT (ω) + Ξ∗(ω)ΣΞT (ω). (S11)
The first term originates from quantum noise of the input modes, whereas the second is a thermal contribution that
vanishes at zero temperature, due to the fact that
Σ =
(
N 0
0 N
)
, (S12)
1 Optical operators are written for both the front, aˆout,F, and
back, aˆout,B, optical ports, but in the main text the front port
is simply referred to as ‘external,’ as it is the only port where
signals are measured.
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where N = Diag[nth,o, nth,o, nth,o, nth,e, nth,e, nth,m] is a diagonal matrix of thermal noise contributed by each input
mode.
Note that the diagonal entries of C(ω) are real, whereas the off-diagonal components are in general complex. In
terms of quantities measured in the main text, for example, [aˆout,F(ω)]
†aˆout,F(ω) = X2o + Y
2
o , whereas
[aˆout,F(ω)]
†bˆout(ω) = XoXe + YoYe + iXoYe − iYoXe. (S13)
In practice one can adjust the optical and microwave demodulator phases to make all entries real, which corresponds
to removing X-Y microwave-optical correlations, 〈XoYe〉 = 〈YoXe〉 = 0. In the experiment, the demodulator phases
are adjusted to approximately fulfill this condition.
While the full expressions for the matrix elements of Eq. S11 are cumbersome, in the limit of optimal detuning
(∆o = ∆e = −ωm), weak damping (Γe,Γo  κe, κo), and resolved sidebands (κo, κe  ωm), on mechanical resonance
the electro-optic correlations take the simple form
Ceo(ωm) =
1
2
I2 + C(th)(ωm), (S14)
C(th)(ωm) =
4nth,mγm
(Γo + Γe + γm)2
(
Γo
√
ΓoΓe√
ΓeΓo Γe
)
, (S15)
where I2 is the 2x2 identity, representing the contribution of quantum noise. The diagonal elements of C(th) have
a straightforward interpretation. Thermal noise added to the optical output mode, C
(th)
1,1 , is due to the resonant
transmission of mechanical noise nth,m from the bath, coupled at rate γm, to the optical mode, coupled at rate Γo.
Similarly, thermal noise added to the microwave output mode, C
(th)
2,2 , is due to the resonant transmission of mechanical
noise from the bath to the microwave mode, coupled at rate Γe. Since the mechanical resonator couples to the optical,
microwave, and bath modes, its total linewidth is Γo + Γe + γm.
The elements of C(th) satisfy the property
C
(th)
1,2 =
√
C
(th)
1,1 C
(th)
2,2 . (S16)
As a consequence, the smallest eigenvalue of Ceo is equal to 1/2 photon. If C
(th)
1,2 were to exceed
√
C
(th)
1,1 C
(th)
2,2 in
magnitude, then the smallest eigenvalue of Ceo would be less than 1/2 photon, signaling the presence of two-mode
squeezing. Equation S16 therefore represents the condition for maximal classical correlations, as they are as large as
possible without implying the presence of squeezed quantum noise.
While Eq. S15 is derived under restricted assumptions, we have verified numerically that Eq. S16 is satisfied for
arbitrary detunings and linewidths, including for the system parameters reported in Table S1. Interestingly, the
property C
(th)
1,1 = C
(th)
2,2 can also be obtained under more general conditions, provided an appropriate detuning is used.
For instance, if we had instead chosen ∆o = −0.38 MHz but kept all other parameters the same as Table S1 we would
have obtained C
(th)
1,1 = C
(th)
2,2 at the expense of weaker optomechanical damping per incident photon.
Importantly, imperfect sideband resolution does not weaken the strength of the classical correlations. With imperfect
sideband resolution, arbitrary detunings, and cavity loss, the correlation matrix still can still be written in the form
Ceo(ωm) =
1
2
I2 + C
′
(ωm), (S17)
with C
′
satisfying
C
′
1,2 =
√
C
′
1,1C
′
2,2. (S18)
The correlations are still classically maximal, but, in contrast to Eq. (S16), there are now contributions both from
thermal and quantum noise.
VII. FEEDFORWARD THEORY
After passing through a sideband-resolved and impedance-matched converter, the signal and ancilla states are
described by the quadratures
qs,out =
√
ηqs,in +
√
1− ηV1 + qth,out, (S19)
qa,out =
√
ηqa,in +
√
1− ηV2 + qth,out, (S20)
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where qs,in and qa,in are the input signal and ancilla quadratures, V1 and V2 are vacuum noise introduced by imperfect
conversion, and qth,out is the thermal noise in the output spectrum. It has been assumed that the pumps are configured
to give identical thermal noise on microwave and optical outputs. For vacuum signal and ancilla, the quadratures in
Eqs. (S19-S20) give a correlation matrix of the appropriate form, as discussed in Sec. VI. Assuming noiseless single-
quadrature measurement and perfect converter efficiency, one can construct the fed-forward quadrature qˇs = qs−wqa.
Choosing w = 1 yields
qˇs = qs,q − qa,q, (S21)
so thermal noise can be completely eliminated using feedforward. With a non-ideal measurement or converter, some
additional noise will be fed forward along with the quantum noise of the ancilla; w = 1 will not in general be the
optimal value for cancelling the thermal noise.
In the more realistic case of imperfect sideband resolution and imperfect cavities, gain and loss terms are introduced
which cause an impedance mismatch. Due to the mismatch, some signal is reflected at peak efficiency. Reflected signals
are inevitably fed forward along with the correlated noise, and feedforward is therefore degraded. Reflections can be
reduced by operating away from peak efficiency, but this also degrades feedforward. Interestingly, an adaptive control
strategy that avoids the matching requirement has recently been proposed [49]. The compatibility of this technique
with feedforward, and other considerations for optimally handling imperfect sideband resolution, are interesting
problems for future investigation.
Signal reflections are small for the feedforward experiment described in the main text, and feedforward performance
is overwhelmingly limited by measurement efficiency. Equations (S19-S20) therefore represent a useful limit for
understanding the experiment and its main limitations. A full treatment should include explicitly the effects of gain
and loss, and thoroughly explore the tradeoffs for optimizing feedforward, which remains an open problem. It should
be emphasized that the experimental characterization of feedforward performance in the main text does not require
any assumptions about sideband resolution: we explicitly measure the variance of the fed-forward optical quadrature
and observe that it is reduced.
A. Gaussian states
For a Gaussian signal and ancilla, one need only keep track of quadrature variances. For the ideal case introduced
above, the variance of the fed-forward quadrature is
〈qˇ2s 〉 = 〈q2s,q〉+ 〈q2a,q〉. (S22)
When the ancilla is simply vacuum, feedforward adds vacuum noise, while removing all thermal noise. This is the
classical feedforward discussed in the main text. If a squeezed ancilla is chosen, then in the limit of perfect squeezing
where 〈q2a,q〉 = 0, the squeezed quadrature can be fed forward noiselessly. This enables upconversion of a squeezed
state or noiseless measurement of a remotely prepared microwave quadrature.
The squeezed protocol requires a threshold converter efficiency to be reached. For a finite conversion efficiency, but
with an otherwise perfect homodyne measurement apparatus, the fed-forward variance is
〈qˇ2s 〉 = η〈q2s,in〉+ η〈q2a,in〉+ 2(1− η)〈V 2〉, (S23)
where qs,in is the input signal quadrature and qa,in is the input ancilla quadrature, and 〈V 2〉 denotes the vacuum
variance. In the limit of perfect ancilla squeezing, 〈q2a,in〉 = 0, less than one vacuum of noise is only added when
η > 1/2. This is a threshold for measuring squeezing in an upconverted signal, or more generally measuring a
remotely prepared microwave state with added noise less than 1/2 photon, referred to as a quantum threshold in the
main text.
If one considers separate efficiency thresholds for microwave-optical and optical-microwave conversion and operates
in a regime where thermal noise is added asymmetrically, it is possible to relax the threshold η = 1/2. If much less
noise is added to one output port than the other, performance is improved when the low-noise output is used for the
signal, so a lower efficiency can be tolerated in that direction. However, if the high-noise output is used for the signal,
a higher efficiency is required. Strictly, η = 1/2 is therefore the minimum threshold for bi-directional conversion of
squeezed states.
B. Qubit up-conversion
With a squeezed ancilla, the feedforward protocol can be used to remove noise in one quadrature. The task then
is to encode a qubit in a single quadrature, and to find an encoding that makes this qubit robust to noise in that
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same quadrature. Here we examine one encoding to demonstrate that upconversion of a quantum signal in the
low-cooperativity limit is possible in principle, without regard to technical feasibility. While our encoding has the
virtue of formal simplicity, it is unlikely to be optimal with regard to efficiency requirements. We speculate that a
Gottesman-Kitaev-Preskill qubit encoding may improve efficiency thresholds for qubit conversion [50, 51].
Consider using a squeezed ancilla to eliminate classical noise in the Y quadrature, leaving classical noise in the X
quadrature. The noise operator N is of the form
N (ρ) =
∫
UβρU
†
βp(β)dβ, (S24)
where ρ is the density operator of the qubit, Uβ |x〉 → |x+ β〉, and
p(β) =
1√
2piσX
e−β
2/(2σ2X). (S25)
Our goal is to show that, with a suitable decoder, this channel can transmit a qubit. This is equivalent to showing the
channel can transmit a half of a maximally entangled state with high fidelity. It is formally simplest to demonstrate
the required fidelity for an encoding expressed in terms of X eigenstates, X|x〉 = x|x〉, but similar encodings for
coherent states should work as well.
A decoder should preserve the quantum state, but should allow for information to be gained about β so that the
state can be shifted back into its original space. What we want now is a pair of logical states |0¯〉 and |1¯〉 and a
decoding operation D : H → A, where H is the output space of N and A is a single-qubit space (spanned by |0¯〉 and
|1¯〉), such that the entanglement fidelity
Fent = 〈φ0|I ⊗ (D ◦ N )(|φ0〉〈φ0|)|φ0〉 ≈ 1, (S26)
where |φ0〉 = 1√2 (|00〉+ |11〉). This fidelity can be rewritten as
Fent =
1
4
1∑
s=0
1∑
t=0
〈s¯|D ◦ N (|s¯〉〈t¯|)|t¯〉, (S27)
which will make it easier to calculate.
The encoding we will choose depends on an X eigenvalue b > 0, and is of the form
|0¯〉 = |b〉 (S28)
|1¯〉 = | − b〉. (S29)
Noise of the form Eq. (S24) will shift this codespace to a new space spanned by |b + β〉 and | − b + β〉. Choosing
b σX will enable us to figure out the displacement β and shift the codespace back.
An excellent observable to measure to determine the value of β is
Ab =
∫ b
−b
γPγdγ. (S30)
Here, Pγ = |b+ γ〉〈b+ γ|+ | − b+ γ〉〈−b+ γ| is the projector onto the codespace after being displaced by γ in the x
direction. Given outcome γ (which we will show below will almost surely equal the true shift β), our decoding will
be completed by applying a conditional displacement Uγ to map Pγ back to the original codespace P0.
It is useful to re-express Ab in terms of the X operator as follows:
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Ab =
∫ b
−b
γPγdγ (S31)
=
∫ b
−b
γ (|b+ γ〉〈b+ γ|+ | − b+ γ〉〈−b+ γ|) dγ (S32)
=
∫ b
−b
γ|b+ γ〉〈b+ γ|dγ +
∫ b
−b
γ| − b + γ〉〈−b + γ|dγ (S33)
=
∫ 2b
0
(x− b)|x〉〈x|dx +
∫ 0
−2b
(x + b)|x〉〈x|dx (S34)
=
∫ 2b
−2b
fb(x)|x〉〈x|dx (S35)
=
∫ ∞
−∞
fb(x)|x〉〈x|dx (S36)
= fb(X), (S37)
where
fb(x) =

x− b for 2b ≥ x ≥ 0
x+ b for 0 ≥ x ≥ −2b
0 for |x| > 2b.
(S38)
The function fb(x) is plotted in Fig. S7.
To derive a result for the entanglement fidelity we would like to evaluate Eq. (S27). The following calculation will
be useful: fixing |s¯〉 and requiring |β| < b and |γ| < b, we have
〈s¯|U†γPγUβ |s¯〉 = 〈s¯| (|b〉〈b+ γ|+ | − b〉〈−b+ γ|)Uβ |s¯〉 (S39)
= 〈(−1)sb| (|b〉〈b+ γ|+ | − b〉〈−b+ γ|) |β + (−1)sb〉 (S40)
= 〈(−1)sb+ γ|β + (−1)sb〉 (S41)
= 〈γ|β〉. (S42)
Our decoder D is implemented by a two-step process. The first step is the quantum nondemolition measurement
of Ab = fb(X) which results in an estimate γ of the noise β that was applied. The second step is a translation U
†
γ to
map back to the original codespace. We now evaluate the fidelity achieved by this decoding. To evaluate Eq.(S27),
we first fix |s¯〉 and |t¯〉,and compute
〈s¯|D ◦ N (|s¯〉〈t¯|)|t¯〉 ≥
∫
|β|<b
∫
|γ|<b
〈s¯|U†γPγUβ |s¯〉〈t¯|U†βPγUγ |t¯〉p(β)dγdβ (S43)
=
∫
|β|<b
∫
|γ|<b
〈γ|β〉〈β|γ〉p(β)dγdβ (S44)
=
∫
|β|<b
p(β)dβ (S45)
=
∫
|β|<b
1√
2pi
exp
(
− β
2
2σ2X
)
dβ (S46)
= 1− erfc
(
b
σX
)
(S47)
= 1−O
(
exp
(
− β
2
2σ2X
))
. (S48)
Averaging over s¯ and t¯ gives us the result
Fent ≥ 1−O(exp(−b2/(2σ2X))), (S49)
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FIG. S7. Plot of measurement outcome for ideal observable fb(x) (black) and approximated observable f˜b(x) (blue).
which will be close to 1, for b  σX . In other words, if the displacement b far exceeds thermal noise, errors can be
diagnosed and corrected with an appropriately chosen decoding operation.
A key step in the decoding procedure described above is the QND measurement of fb(X), but implementing this
measurement could be a challenge. We therefore consider a more physical decoding procedure, and argue that it will
give similar fidelity to the one described above. In particular, we let
f˜b(x) =
1
2b2
x3 − 1
2
x. (S50)
This is a good approximation to fb near ±b (see Fig. S7): for |γ|  b we have f˜b(±b + γ) = γ, which is exactly
what we require. Because of our choice b σX , we are very likely to get a measurement outcome in this range if we
measure f˜b(X), so doing so is a good proxy for measuring fb(X).
Our decoding procedure is again two-step: First, do a QND measurement of
A˜b =
1
2b2
X3 − 1
2
X, (S51)
obtaining a result γ. Second, apply U†γ . This gives a transmitted fidelity close to 1 as long as b σX .
